Genetic studies of pigmentation have benefited from spectrophotometric measures of light-dark hair color. Here we use one of those measures, absorbance at 650 nm, to look for chromosomal regions that harbor genes affecting hair pigmentation. At 7p15.1, marker D7S1808 was suggestive of linkage to light-dark hair color (LODE2.99). Marker D1S235 at 1q42.3 was suggestive of linkage to hair color (light-dark or blonde-black continuum) (LODE2.14). However, the most consistent linkage peak was over the gene oculocutaneous albinism type II (OCA2) on chromosome 15. Linkage analysis of both spectrophotometrically quantified and ordered ratings of hair color had LOD scores about 1.2, significant because of the almost perfect concordance. A quantitative transmission disequilibrium test between light-dark hair color and 58 single nucleotide polymorphisms in OCA2 showed that the SNPs rs4778138 (also called rs11855019) and rs1375164 were associated with significantly darker hair color (PE3 Â 10 À4 and PE0.03 after correction for multiple testing, respectively). These two SNPs explain 1.54 and 0.85% of variation in the A650t index, respectively.
INTRODUCTION
When studying variation in a trait, particularly variation due to genetic influences, it is important to have an accurate measure of the trait. Investigations into hair color have progressed from subjective visual ratings to spectrophotometric measures and biochemical quantifications. The first studies categorized hair color by visual inspection (Davenport and Davenport, 1909) , an approach standardized in the Fischer-Saller Haarfarbentafel scale using 30 swatches (Hanna, 1956) . Interested in using spectrophotometry, Harrison and Owen (1964) showed that the wavelength with the greatest power to distinguish between different quantities of dermal melanin is approximately 650 nm. Wavelengths about 650 nm are also used in the melanin index to quantify dermal melanin (Shriver and Parra, 2000) .
With the development of chemical methods (Wakamatsu and Ito, 2002) , studies investigated the relationship between biochemically quantified eumelanin and spectrophotometric reflectance of human hair. Ozeki et al. (1995) show that total melanin (eu and pheomelanin) is best quantified at 500 nm and Ozeki et al. (1996) showed that the ratio of eumelanin/total melanin is best represented by the ratio of 650 nm:500 nm. There are a number of methods to quantify eumelanin with great accuracy such as electron paramagnetic resonance (reviewed by Ito et al., 2000) . However, the resources required make them infeasible for large epidemiologic studies. So, many large studies of melanin use the melanin index (for example, Shriver et al., 2003 and Parra et al., 2004) .
We expect the majority of genetic influences explaining variation in eumelanin to be different from those influences explaining pheomelanin. In a previous study (Shekar et al., 2008) , we tested whether it was possible to partition variation in hair color due to eumelanin from that due to pheomelanin. This sample (Shekar et al., 2008) , contained 3,180 individuals with ordered ratings of hair color. Of those, 1,730 had spectrophotometric curves derived from hair samples. The best measure to explain the ordered categories, namely fair/ blonde, light brown, dark brown, and black was reflectance at 650 nm, transformed for normality (A650t). By removing individuals classified as having red hair, we obtained an estimator of eumelanin quantity. This A650t measure correlated À0.99 with the formula for the melanin index applied to reflectance of the hair samples. However, compared with the melanin index, the A650t index only uses one wavelength, a benefit when using some spectrophotometric devices.
A classical twin analysis of ordered the ratings of hair color showed that there were additive genetic and common environmental influences causing variation in hair color. The complementary analysis of the A650t index showed that some of those additive genetic influences were qualitatively different between males and females (Shekar et al., 2008 ). An early linkage study showed that brown hair was linked to 15q (Eiberg and Mohr, 1996) . Recently, it has been found that the oculocutaneous albinism type II gene (OCA2) in this region is significantly associated with eye color (Rebbeck et al., 2002; Frudakis et al., 2003 Frudakis et al., , 2007 Zhu et al., 2004; Jannot et al., 2005; Posthuma et al., 2006; Duffy et al., 2007) . One 3-SNP haplotype (rs7495174, rs6497268 (now rs4778241), and rs11855019 (now rs4778138)) in the first intron of OCA2 explains 74% of variation in blue: non-blue eye color (Duffy et al., 2007) . The same authors have shown that a single SNP rs12913832, in the 86th intron of the 5 0 neighboring gene HERC2 (HECT Domain and RCC1-Like Domain 2), almost completely accounts for blue/brown eye color , a finding replicated by Eiberg et al. (2008) . The fact that this SNP is predicted to create/destroy a helicase-like transcription factor-binding site adds weight to the evidence that this is the causal SNP, although further functional studies are needed.
In the present paper, we look for specific genes to explain the genetic variation in light-dark hair color. We also investigate what effect genetic variations in the OCA2--HERC2 region have on variation in spectrophotometrically approximated eumelanin quantity in human hair.
RESULTS

Linkage analysis
The logarithm of odds (LOD) scores for each of the 761 autosomal markers for the two linkage analyses of the A650t index and ordered hair color are shown in Figure 1 . Markers that produced LOD scores greater than 1.8 are listed in Table 1 . The most notable location with an overlap in linkage peaks between the two analyses is near OCA2 on chromosome 15. Although the LOD score for this peak is relatively small (LODE1.2), there is almost perfect concordance between the analyses. There also appears to be some concordance on chromosome 11 around the Tyrosinase gene (TYR). The peak with the greatest LOD score in the linkage analysis of the A650t index was at marker D7S1808 on 7p15.1. The LOD score of 2.99 is suggestive of linkage to this region but less than the value indicating significant linkage. However, the fact that there is no linkage signal for the ordered rating at this location may indicate that this is a chance finding. On the X chromosome, the highest LOD score was 0.24 for the A650t index at marker CXS318. Figure 1 . Linkage analysis of hair reflectance at 650 nm (A650t index) and analysis of ordered, rated, hair color. The x axis is chromosomal position (m marks centromere). The Y axis is LOD score with both the suggestive threshold score, 1.9, and the significant threshold score, 3.3, indicated. Results for all 22 autosomes can be found in Figure S1 . Association analyses were performed between OCA2 and hair color. Considering the difference in allele frequencies for OCA2 SNPs between populations (Lee et al., 1995; Shriver et al., 2003) , it is expected that population stratification may confound any association analysis of OCA2 and hair color. Although the individuals in this sample indicated that their ancestors (great grandparents) were predominantly from the British Isles and Europe, there were a handful of families that had at least one great grand parent with Aboriginal or Papua New Guinean ancestry. These individuals were removed from the association analysis. To further determine whether there may be heterogeneity in population structure between the remaining families, tests of total association and population stratification with A650t were performed on the alleles of the 761 markers in the genome scan (Devlin et al., 2001 ) using the quantitative transmission disequilibrium test (QTDT). Approximately 5.4% of these tests, in both analyses, were significant at the 0.05 level. This number is no more than would be expected by chance, providing some evidence that there is no significant population stratification within this sample.
Of the 58 OCA2 SNPs informative for association analysis, tests of total association were performed in QTDT (Abecasis et al., 2000) with red hair color as a covariate (1 if the individual was categorized as having red hair and 0 otherwise) and A, C, and E as sources of variation in addition to a quantitative trait locus (QTL) effect. The results are presented in Figure 2 (Barrett et al., 2005) . After correcting for the multiple tests performed, the C allele of the SNP rs4778138 (also called rs11855019) was significantly associated with a mean difference in the A650t index (PE3 Â 10À4 after Bonferroni correction). This C allele, with a frequency of 0.13 in this sample, is associated with darker hair (Figure 3 ) and brown eye color (Duffy et al., 2007) . Post hoc analysis showed that the frequency of this allele in the 13 individuals, for whom greater than half their great grandparents were Papua New Guinean, was 0.86. This is consistent with a major role in pigmentation. Using the frequency of this allele in the founders and the effect of the variant on the mean, it was calculated that this SNP explains 1.54% of variation in the A650t index in our sample (after the removal of those without European ancestry). The mean heterozygote value appeared to deviate from that expected in a purely additive model toward the mean value for those that were homozygous for the C allele. The dominance option in QTDT performs a test of association that includes an additional parameter allowing the heterozygote mean to deviate from a point midway between the two homozygote means. That is, this allows for one allele to be dominant or semidominant. This model was also significantly associated with the A650t index (PE1.3 Â 10À3 after Bonferroni correction).
The SNP rs1375164 was also significantly associated with a mean difference in the A650t index after correcting for multiple testing (PE0.03). The A allele, with a prevalence of 0.22 in this sample, was associated with darker hair. In the 13 individuals with Papua New Guinean ancestry, post hoc analysis showed that the frequency of the A allele was 0.82.
The proportion of variation in the A650t index explained by this allele is 0.85%.
A test was performed to determine whether the 3-SNP haplotype (rs7495174, rs6497268, and rs11855019) found by Duffy et al. (2007) to have an effect on blue eye color compared with non-blue eye color also influences light-dark hair color. A model was fitted using the computer program Mx (v1.54a) to compare the mean difference in A650t index values between those with the TGT haplotype compared with other genotypes. Those with the TGT haplotype had significantly darker hair color (Figure 3) . To compare this result against the use of an ordered rating, we show the deviation in threshold values (z-scores) for ordinal modeling of hair color categories (Figure 3 ). Visual inspection shows a similar effect size.
Association analyses were performed in QTDT on the rs1129038 and rs12913832 SNPs in HERC2 using the same model for the OCA2 SNPs above. Both SNPs, which are in high linkage disequilibrium (Figure 2 ), had a P-value of 3 Â 10À3 (before correction for multiple testing) for a test of association with A650t. The proportion of variation in the A650t index explained by rs1129038 and rs12913832 is 0.76 and 0.74%, respectively.
DISCUSSION
Here, we use linkage analyses to search for genomic locations of major influence on interindividual variation in light-dark hair color. The highest peak for the linkage analysis of the A650t index is at 7p15.1, where marker D7S1808 had a LOD score of 2.99. Some 4.7 Mb from this marker is the Glycoprotein NMB gene (GPNMB). The encoded transmembrane protein is 33% similar to the protein encoded by Silver (SILV), a gene important to melanosome biogenesis (reviewed by Theos et al., 2005) . A mutation in the mouse GPNMB gene causes iris pigment dispersion, causing pigment granules from the iris to be deposited on the tubercular meshwork of the eye (Anderson et al., 2002) . It was suggested that the mutations in GPNMB alter melanosomes, allowing intermediates of melanin production to escape. The lack of a signal at this locus for ordered ratings does not increase our confidence in this finding, although it may indicate the superior measurement properties of spectrophotometric measures over subjective ratings. Only replication studies will resolve this issue.
Marker D1S235 at location 1q42.3 had a LOD score of 2.14. This marker is within the lysosomal trafficking regulator gene (LYST). Mutations in this gene lead to decreased hair pigmentation, classified as Chediak-Higashi syndrome (Barrat et al., 1996) . This is homologous to the beige mutation in mice (Jackson, 1997) . The linkage peak at 3p13 (D3S1566, LOD ¼ 1.65) is approximately 0.25 Mb from the micropthalmia-associated transcription factor gene (MITF), a gene essential for melanocyte differentiation in mice (Levy et al., 2006) . A genomewide association of pigmentation in an Icelandic population found SNPs in five genes associated with hair color classified as either blonde or brown (Solute carrier family 24, member 4 (SLC24A4), Kit Ligand (KITLG), TYR, OCA2, and MC1R; Sulem et al., 2007) . In our analysis, www.jidonline.org 2809 peaks near the TYR showed LOD scores of approximately 1.6 for both the A650t index and ordered hair color. As expected, with the removal of individuals with red hair from our sample, markers near the MC1R at the q terminal end of chromosome 16 give only a small signal (LODE0.21).
Linkage signals for spectrophotometrically quantified and ordered ratings of hair color were congruent at marker D15S1002. Although the LOD score was not large, it is 0.15 Mb from OCA2. Association analysis showed the rs4778138 and rs1375164 SNPs of OCA2 contributed 1.54 and 0.85%, respectively, of variation in the A650t index. The average A650t index value for those heterozygous for the rs4778138 deviated from that expected in a purely additive inheritance model, confirming semidominance for this SNP. Our analysis to determine the sources of these genetic effects found that the TGT haplotype of the rs7495174, rs6497268, and rs11855019/rs4778138 SNPs were significantly associated with lighter hair, similar to their association with eye color in this sample (Duffy et al., 2007) . However, the effect of OCA2 on light-dark hair color is smaller by an order of magnitude than its effect on eye color. Where others have found the rs12913832 and rs1129038 SNPs of the OCA2-HERC2 locus explained much of eye color (Eiberg et al., 2008; Sturm et al., 2008) , we have found those variants to explain even less variation in spectrophotometrically approximated eumelanin than either rs4778138 or rs1275164 in OCA2.
The analyses presented do not confirm the utility of spectrophotometric estimation of eumelanin compared with that of ordered ratings of hair color. Further investigation, including replication, will be required to determine the complement of genes influencing hair color and in the process determine whether spectrophotometry has any benefit over ordered ratings.
MATERIALS AND METHODS
Samples
The data for this study were collected as part of a longitudinal study investigating the development of melanoma risk factors. Adolescent twins were sought through various avenues around South East Queensland, Australia. Participation was conditional upon the informed consent of the twins and their parents. Details of the clinical protocol are described by McGregor et al. (1999) and Zhu et al. (1999) . Approval to undertake this study was granted by the Human Research Ethics Committee of the Queensland Institute of Medical Research. The experiments were conducted in accordance with protocols in the Declaration of Helsinki Principles.
Quantifying light-dark hair color
Twins and their siblings were put through the protocol when the twins were approximately 12 and 14 years of age. At each visit, the nurse classified each participant's hair into one of the five categories, namely fair/blonde, light brown, red/auburn, dark brown, or black. A sample of hair between 2 and 5 cm was collected from the nape of the neck. If an individual had short hair (predominantly males), a sample was taken from the crown and placed in a sealable plastic ziplock bag. A sample was not taken if the hair was too short or dyed. The intensity of light reflected between 340 and 1,026 nm was captured by one of us (TF) using a UV-visible wavelength Ocean Optics USB2000 spectrophotometer (Ocean Optics Inc, Dunedin, FL). There were 1,730 individuals for whom hair color was categorized and reflectance curves were recorded. Details of measurement procedures can be found in Shekar et al. (2008) .
The light-dark measurement of hair captured at this wavelength is expected to approximate eumelanin content. Individuals with red hair will absorb light at 650 nm and therefore confound an approximation of eumelanin. Those individuals classified as having red/auburn hair (4.6% of sample) were removed from the linkage analysis of the A650t index (Shekar et al., 2008) .
Ratings of hair color, taken 6 months apart, correlated 0.966 (SEB0.012). The intraclass correlation for the A650t index between these two measurement events is 0.814 (0.480, 0.985).
Genotyping
Two major genome scans of parents, twins, and siblings were carried out at the Australian Genome Research Facility (AGRF), Melbourne (Ewen et al., 2000) and the Center for Inherited Disease Research (CIDR), Baltimore (Weeks et al., 2002) . The intercalated genome scans resulted in a 796 marker map with an average intermarker spacing of 4.8 cM in Kosambi units (Zhu et al., 2004) . The data were cleaned for incorrect relationships between individuals, Mendelian inconsistencies, and improbable double recombinants as detailed elsewhere (Zhu et al., 2004) . Approximately 36% of individuals were genotyped in both the CIDR and AGRF scans, these being mainly from families without genotyped parents; between 211 and 791 markers were genotyped per individual (Zhu et al., 2004) .
Identity by descent estimation
Multipoint identity by descent (IBD) was estimated at each of the 761 autosomal markers for all genotyped siblings using Merlin 1.0.1 (Abecasis et al., 2002) , which estimates marker allele frequencies from the observed sample. To more accurately estimate IBD between siblings, 81% of parents were genotyped (but not phenotyped). The genetic map (Duffy, 2006) was based on that of Kong et al. (2004) . The removal of those with red hair reduced the number of informative families by 77. The linkage analysis of the A650t index was performed on 298 informative families, yielding 439 informative, sibling-sibling relationships, or quasi-independent sibling pairs ( Table 2) .
We used maximum likelihood variance components estimation to decompose variation in the A650t index into environmental and genetic sources with the latter including variance due to a hypothetical QTL, located at each of the autosomal markers, in turn. Covariance between siblings for a linked QTL, Q, is conditioned bŷ p, which is the proportion of alleles shared IBD at the trait locus between siblings (Sham, 1998) 
The path coefficient for the additive genetic QTL effect (q) is a function of the recombination fraction between the marker and the trait locus as well as the magnitude of the genetic influence at that trait locus. Residual additive genetic influence (a) is modeled such that the expected phenotypic covariance between siblings and dizygotic twins ispq 2 þ 1/2a 2 , wherep for each pair is calculated from the IBD values estimated in Merlin (Posthuma et al., 2003) . The linkage analysis was based on the model that was best able to explain the means and variances of light-dark hair color (Shekar et al., 2008) . We performed linkage analysis for both the quantitative A650t index and the latent trait underlying the ordered ratings of hair color. The computer program Mx (version 1.61e Neale et al., 2002 ) was used to estimate parameters. The test for linkage at a particular marker is the statistical significance of q 2 . The difference in log likelihoods between the model where q 2 is free and the model where q 2 is zero is distributed as a 1/2:1/2 mixture of w 2 1 and a point mass at zero and designated w 2 0,1 (Self and Liang, 1987) . Dividing the difference in log likelihoods by 2ln10 (E4.6) produces a LOD score equivalent to that for parametric linkage analysis (Williams and Blangero, 1999) . The single-point IBD for a single marker in the major pseudoautosomal region between chromosome X and Y was also estimated. The computer program MINX (Merlin in X, Abecasis et al., 2002) was used to perform variance components linkage analysis for 31 markers on the X chromosome using the A650t index.
This study considered LOD scores of 3.3 and 1.9 as significant and suggestive evidence of linkage between QTL and the tested marker, respectively (Lander and Kruglyak, 1995) .
Genotyping OCA2 and HERC2
The complete process of selecting SNPs to genotype along the OCA2 gene as well as the process of genotyping these SNPs is detailed in Duffy et al. (2007) . SNPs were typed using iPLEX chemistry on a compact matrix assisted laser desorption/ionization-time of flight (MALDI-TOF) Mass Spectrometer (Sequenom Inc, San Diego, CA) using standard methods (Zhao et al., 2006) . Of the 75 SNPs genotyped, some 17 were not used in this analysis either because of genotyping error or because they were monomorphic.
Subsequently, SNPs in HERC2 were genotyped. Methods are outlined in Sturm et al. (2008) . The rs1129038 and rs12913832 SNPs were selected for association analysis with the A650t index due to their association with eye color.
Association analyses
Association analyses between the A650t index and the SNPs in OCA2 and HERC2 were performed using the computer program QTDT (Abecasis et al., 2000) . This program implements the Quantitative Trait Disequilibrium Test to test whether there is a greater concordance between genotype and phenotype than can be expected by chance. The association analysis was performed on a background model that allowed for variance in the trait to be decomposed into additive genetic, common environmental, unique environmental, and linked QTL components (that is an ACEQ model). There were 1,441 individuals with OCA2 SNP genotype and A650t index information for association analysis. To correct for multiple testing using the Bonferroni method would be too conservative when considering the relatedness of these SNPs (Nyholt, 2004) . Using the SNP spectral decomposition program (http://genepi.qimr.edu.au/general/daleN/SNPSpD/), we determined that there were the equivalent of 38 independent tests and hence all corrections for multiple testing used this value.
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